We present a probabilistic error correction technique to be used with an average magnitude difference function (AMDF) based pitch detector. This error correction routine provides a very simple method to correct errors in pitch period estimation. Used in conjunction with the computationally efficient AMDF, the result is a fast and accurate pitch detector. In performance tests on the CSTR (Center for Speech Technology Research) database, probabilistic error correction reduced the gross error rate from 6.07% to 3.29%.
INTRODUCTION
Fundamental frequency (Fo) as an acoustic correlate is strongly related to prosodic information of stress and intonation. A reliable pitch detection algorithm (PDA) is a very important component for measuring prosodic features.
Many PDAs have been developed, with different PDAs focus ing on different properties and features of the speech signal.
However, many factors in the acoustic signal can cause the failure of PDAs. For example, in the source spectrum of the vocal fold vibrations during voicing, FO has stronger spectral energy than its harmonics during voicing since FO is the rate of the vocal fold vibrations. However, the vocal tract resonances, i.e., formants, act like a series of band pass filters, and may reduce the spectral energy of F ' and enhance the energy of harmonics. The harmonics therefore dominate the spectral energy in the acoustic signal. This phenomenon causes PDAs to select the higher harmonics to be the estimate of Fo, resulting in estimation errors. For most of the PDAs, global error correction routines are needed to locate and correct errors in the local decisions made by PDAs. We present a new approach to global error correction that is based on probabilistic weighting of the candidate pitch estimates within each speech frame. We apply this correction method to an AMDF-based PDA. The experimental results show that probabilistic error correction is indeed successful in reducing the errors that occur during pitch detection. at 600 Hz and 40 dB attenuation at 900 Hz.
AMDF-BASED
For each frame, the difference function is smoothed by a 5 point Hanning window.
Pitch Period Estimation:
In most AMDF-based PDAs, the lag for which the magnitude of the difference function is a global minimum is chosen as the pitch period estimate for that frame. In our modified AMDF PDA, in addition to the lag with global minimum, a set of candidates for the pitch period in a frame is selected and will be used to determine the final pitch period estimate in the later process. Three terms are used to d e h e the candidates for the pitch period:
0 locabin: The locations of the difference function at which the magnitudes are the local minima in a frame.
0 marker: 10caLmin which satisfy the AMDF pattern constraints. Markers are the candidates for the pitch period. There can be several markers in a frame. To be a marker, the ith candidate needs to satisfy: . The values are selected to achieve the best performance in reducing both the error in the voiced/voiceless decision and the gross error rate.
Once markers have been selected, the initial estimate of the pitch period for each frame is chosen to be the marker with the AMDF global minimum. A global distribution of the initial estimates of period markers is then established.
GLOBAL ERROR CORRECTION
In most PDAs, the pitch extractor uses only local information to determine the estimate of the period period for each frame of speech samples. 
Probabilistic Approach
In our algorithm, a probabilistic approximation approach is used. Global error correction is performed on a sentenceby-sentence basis. Using the set of local initial estimates, the distribution of initial pitch period estimates for an entire sentence is obtained. This distribution is then approximated with a normal distribution. The heights for all the markers in each frame are weighted with the value of the normal distribution. Finally, the new pitch period estimate is selected based on the weighted heights of the markers. The marker with the largest height is the new period marker in a frame. Markers located around the mean of the distribution will have a stronger height value than the ones away from the center of the distribution. The procedure, summarized as follows, is performed twice.
1. Approximate the initial pitch period estimates with a 2. Weight the heights of the markers in each frame with 3. Select the new pitch period marker based on the Figure 2 (A and B) shows that the normal distribution is a good approximation of the initial pitch period estimate for both speakers. The normal distribution makes a better pitch period estimate approximation for female speech than for male speech because, for female speech, the distribution normal distribution (Figures 2 A and B) .
the value of the distribution.
weighted markers in each frame. the solid line is the AMDF function of a voiced frame of a male speaker and the dashed line is the normal distribution approximation of the pitch period of the whole utterance. Marker 2, lag z 330, would be assigned as the pitch marker initially since it is the global minimum in that frame. However, according to the distribution, marker 1 makes a better candidate for the pitch marker and marker 2 actually represents the sub-harmonic of the fundamental frequency. After weighting the height of each marker with the normal distribution, the weighted height of marker 2 is much smaller than the height of marker 1. Therefore marker 1 is assigned as the pitch marker. 
CSTR Database
Evaluation is done on a database ' provided by the Center for Speech Technology Fksearch at University of Edinburgh, Scotland, UK [I] . This database includes 50 sentences from two speakers, one male and one female. A laryngeal frequency (Fx) contour provides reference FO values. The sampling rate for the speech signal is 20kHz using a 16-bit A/D converter. To be consistent with the experiments done at CSTR, a frame length of 38.4 msec is used and a new frame is processed every 6.4 msec. At these rates, approximately 16,400 pitch period estimates are made. As described in Bagshaw's paper [l], the speech was pre-processed with a low pass filter with -3dB at 600Hz and -85dB at 700Hz in his experiment, which is different than the filter used in this experiment. 
6.07
The evaluation is done by calculating the gross error rate for each of the PDAs in the experiment. The FO value from the reference laryngeal frequency contour is represented by show that most of the voiced/voiceless classification errors happen at the beginning and the end of each voiced segment. Since the PDA is a short-term timedomain approach PDA and the frame size is six times the frame rate, it is very difficult to have pitch synchronous frames so that the PDA will know where exactly voicing starts. Therefore, the voiced/voiceless errors at both ends of the voiced segments can be ignored if the number of consecutive errors is small, e.g., ,< 3, which corresponds to 50% of a frame. 
CONCLUSION
The probabilistic error correction is quite different from most other techniques that have been used to correct pitch estimate errors [ll, 141. In contrast to both linear and nonlinear filtering techniques [lo] , the preservation and use of markers ensures that the final pitch estimate for a frame is in fact drawn from one of the AMDF candidates for the frame's pitch. No logic-based decisions are used, as required in [ll] . The probabilistic error correction involves significantly less computation than the dynamic programming and dynamic pattern matching technique in [14] . As shown in Fignre 4, the technique successfully removes anomalous discontinuities in the overall pitch contour. The gross error count of this this modified AMDF PDA with probabilistic error correction is still higher than other PDAs' performance. However, initial experiments at extending this technique indicate that the gross error count can be reduced further by using a finer approximation of the distribution. New experiments are being conducted that combine two distributions, one for the whole utterance and the other for a local region. By including both distributions, we expect to better capture the dynamics of regional pitch changes, while preserving the desirable properties of the probabilistic method.
